Early age hydration kinetics of Portland cement with pozzolanic volcanic ash was examined using quasielastic neutron scattering. Volcanic ash consisting of two different particle sizes was used to prepare cement pastes with different ratios of Portland cement to volcanic ash. The concentration of the volcanic ash played a major role in the bound water index and self-diffusion coefficients of hydration water confined in the cement paste. An increase in the particle size of the volcanic ash affected the degree of hydration by allowing more free and mobile water in the gel pores, suggesting that volcanic ash may not have completely reacted during the experimental time frame. This study shows that the particle size along with variation in volcanic ash composition governs the early age hydration process in volcanic ash cements.
Introduction
Supplementary cementitious materials such as volcanic ash are used in the cement industry to effectively utilize waste materials in developing durable and engineered cementitious concretes [1, 2] . In addition, this helps in reducing the carbon foot-print by lowering the energy consumption along with enhanced environmental benefits and cost reduction. Volcanic ash (VA) is a locally available material that has been historically used as an additive in cementitious materials to create durable and sustainable concretes [3, 4] . The Romans took the first initiative for using lime and natural pozzolans to prepare cements that were used to build the Bay of Naples [4, 5] . They finely ground the volcanic rocks and mixed the powder with lime and sand to produce mortars of high strength and durability that could survive in brackish environments. However, not all volcanic rocks are effective since only some have sufficient amorphous content to produce a pozzolanic reaction [1, 6] . The inclusion of volcanic ash containing a high alumina content leads to the formation of a binder phase known as calcium-alumino-silicatehydrate (C-A-S-H) gel, and when carefully used in correct proportions can lead to a high strength concrete material [3, 7, 8, 41] .
A variety of surface and bulk characterization techniques have been used to examine the hydration of Portland cement [9] . Hydration in cements is a complex process and in-situ experiments including nuclear magnetic resonance (NMR), small angle neutron/X-ray scattering, and Raman spectroscopy are commonly used to study the hydration mechanism in Portland cements. Although, these techniques are useful in deciphering the morphological and structural details of cementitious gels; the insight into the role of water during hydration cannot be unraveled. There exist a limited number of characterization techniques suitable for tracking the speciation and role of water during hydration. For instance, 1H NMR relaxometry has occasionally been used for over three decades; a recent set of studies by Valori et al. [10] and Muller et al. [11] provide insight into cement pore-water interactions inside the cementitious gels. These studies discuss techniques for measuring water in different pore sizes along with the specific surface area and density of C-S-H hydrates including gel and capillary pores. An additional technique, inelastic neutron scattering (INS) and quasielastic neutron scattering (QENS) have been used to study the early age kinetics and degree of hydration reaction of C 3 S, C 2 S and C-S-H pastes [7, [12] [13] [14] . Although, both NMR and neutron scattering techniques use bulk-scale analysis and use signals from protons, the timescale of measurements with INS and QENS is superior compared to that of NMR. The energy measured using QENS/INS reflects times in pico-second to femto-second ranges, respectively, while NMR data provides timescales in the millisecond range [7] .
QENS is a powerful experimental technique to examine the water dynamics of cement paste during the hydration process [7] . As the cement hydrates, the free water interacts chemically and/or physically in the cementitious matrix forming a glue or gel, which leads to an amorphous phase along with certain crystalline products. QENS helps to identify the transition of water from a free or mobile state to an immobile state during the hydration process [15] . The immobile water is encapsulated in the form of chemically bound water inside the calcium-silicate-hydrate (C-S-H) which is the binding gel in the cement matrix system. The immobile water inside the gel pores (2 to~5 nm) can be constrained or pseudo-bound, but the water at the interlayer is usually chemically bound [16] .
Several studies have used QENS to understand the metamorphosis of multiphase mechanisms which evolve during the hydration process of tricalcium silicates (C 3 S) [17] [18] [19] [20] , Ordinary Portland Cement (OPC) [21] and incorporation of alumino-silicate sources such as fly ash or ground granulated blast furnace slag (GGBFS) in OPC [21] [22] [23] [24] [25] [26] [27] [28] [29] . Bulk water present in the cement matrix is associated with free water in capillary pores and large gel pores, whereas the restricted water is attributed to constrained water where the mobility of water is limited, since it is present inside small gel pores. Chemically bound water is related to the "structural water" present in C-S-H which is a hydration product of OPC based system [17] . Because the neutron signal is largely dominated by hydrogen, the observed immobile molecules are mostly representative of the chemically bound water. Details regarding the calculation of the free and constrained water are characterized by a bound-water index (BWI), the definition of which can be found elsewhere [7, 13, 22] , and has been used as an indicator to characterize the early age kinetics of hydrating cementitious systems. Although, to date, limited studies have been performed with supplementary cementitious additives such as the superplasticizer and GGBFS using QENS [24, 30] , the existing studies using silica fume blend with OPC possesses similarities to volcanic ash additives as both help to densify the matrix and reduce the porosity while increasing the compressive strength of the matrix [3, 4, 31, 32] .
Recent experiments on cement paste using QENS examining the reactivity and dynamics of water molecules bound in the C-S-H gel pore were conducted by Li et al. [30] , and complementary molecular dynamics (MD) modeling was performed by Hou et al. [33] . This work used MD simulations with reactive force fields to understand the structure, reactivity and dynamics of water molecules confined in the C-S-H gel nanopores (4 to 5 nm in width). The results showed that due to highly reactive C-S-H surface, hydrolytic reactions take place at the solid liquid interface, thus adsorbing water molecules and transforming Si-OH and Ca-OH chemical groups to be infused in the C-S-H gel structure. Additionally, the stable H-bonds are interconnected with Ca-OH and Si-OH groups thus limiting the mobility of the surface water molecules inside the C-S-H gel.
Effect of additives along with the translational and rotational dynamics of water in OPC pastes cured for 7, 14 and 30 days was examined using QENS [30] . A polycarboxylate-based super-plasticizer helped in confining the mobile water in the C-S-H gel pore that led to the reduction in self-diffusion coefficients and mean jump distance of water molecules. Additionally, the additive helped in the early age evolution of the cement pastes thus forming a uniform and homogenous mixture, which was evaluated using BWI and mean jump distance of the water molecules.
The work we present here details the effect of ash particle size and concentration of volcanic ash when volcanic ash is used as a partial substitute to Portland cement. The objective of this research was to examine the water dynamics of hydrating Portland cement by varying the concentration and threshold particle size of volcanic ash using QENS.
Materials and methods

Raw material characterization
Finely ground volcanic ash was procured from Akhal Province, Saudi Arabia. 1 Volcanic ash was ground into two different particle sizes using a planetary ball mill. Particle size distribution was performed on the volcanic ashes and Portland cement by suspending them in isopropyl alcohol using the laser light scattering technique with a Micromeritics Saturn DigiSizer 5205. The mean particle size of the volcanic ashes of 17.14 μm and 14.48 μm is designated as IP and FA, respectively (refer to Table 1 ). The chemical composition of OPC and volcanic ash was measured using X-Ray Fluorescence (XRF) spectroscopy and the results are shown in Table 2 . The sum of silicon oxide (SiO 2 ), aluminum oxide (Al 2 O 3 ) and ferric oxide (Fe 2 O 3 ) components for the raw VA is 64.3%, indicating that the material is a Class C type of ash according to ASTM C 618 [34] .
Mixing
Initial dry mixing of the VA and OPC was performed using a Daigger vortex-genie 2 mixer (model no. G560) at 335 rad/s (3200 rpm). This mixing helped ensure that ash was uniformly mixed with the Portland cement prior to exposure to de-ionized water. For convention, we labeled each sample based on the mean particle size and corresponding weight percentage of the volcanic ash. Therefore, a sample with 50 wt.% VA with 17.14 μm (IP) and 50 wt.% OPC is referred to as IP-50, while the similar combination prepared with 14.48 μm is referred to as FA-50 (refer to Table 3 ).
All samples were mixed with a constant water to cement ratio of 0.55 by mass. The samples were mixed near the experiment station and exposed to beam within 2 min of mixing. The cement paste was sandwiched between aluminum foil and pressed against an annular mold to ensure uniform thickness and to give a cylindrical shape.
Neutron scattering experiments
In-situ experiments on cement pastes were conducted at room temperature on the high flux backscattering spectrometer (HFBS) and disk chopper spectrometer (DCS) at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR) [35] . The experimental data on HFBS was measured by 16 3 He detectors, and the corresponding scattering vector, Q, lies between values of 0.25 Å −1 to 1.75 Å − 1 . The energy resolution of HFBS is 0.8 μeV with a dynamic range of ± 16 μeV, which allows the dynamics of water molecules in the time range from 0.1 ns to 4 ns to be measured. The DCS is a general purpose direct geometry time of flight spectrometer, which uses seven synchronized disk choppers spinning at high speed to produce a pulsed mono-energetic neutron beam [36] . Energies of the scattered neutrons are measured by their individual time-of-flight over a fixed distance of 4.01 m. The incident monochromatic neutron wavelength was 9.0 Å (1.01 meV), which results in an energy resolution of full width half maximum (FWHM) of about 20 μeV. The detectors were grouped to obtain a set of five spectra in the Q range from 0.31
. A DCS annular sample can of inner diameter of 17.8 mm and height of 110 mm was used for this experiment. The pre-weighed cement paste was sandwiched in a thin aluminum foil, which was then rolled into an annulus having the same inner circumference of the cylindrical sample holder. Sample height was about 90 mm (foil), and we used beam mask of 80 mm × 17.5 mm. The samples were prepared in annular sample cans to have about 10% of scattering and to minimize effects of multiple scattering. No multiple scattering corrections to the data were performed. All the experiments were performed at the guide hall ambient temperature of 23°C. The temperature at the sample was recorded over time to be 23 ± 0.2°C and monitored using a Lakeshore temperature controller with a reported accuracy of 0.1 K.
The data reduction and modeling of the data was performed in the DAVE software environment [37] . The QENS spectrum, S(Q, ω), as a function of Q and energy transfer, ω, as measured by DCS was modeled using four components as shown in Eq. (1) [17, 18] , comprising of a background term C o , which is the fixed baseline intensity, and the terms A and B. A is the scattered elastic intensity within the instrumental resolution that is associated with the chemically bound (CB) hydrogen atoms or also commonly known as "structural water" [17] , B 1 is the number density of free hydrogen atoms as in the bulk water, Γ 1 is the Lorentzian half-width at half maximum (HWHM) for the bulk water component, B 2 is the number density of hydrogen atoms in pseudobound or constrained form, Γ 2 is the second Lorentzian with the variable HWHM fitting parameter, and R(Q, ω) is the instrument resolution for which a vanadium standard was used.
For QENS data collected on HFBS, the above model was used with the background term fixed at zero. From the above model, the bound water index (BWI) can be calculated which is the relative amount of immobile hydrogens and is determined by,
where A + B 2 gives the total bound water in the hydrating paste. The three component model (elastic and two Lorentzians) allows three population of hydrogen [immobile-hydrogen in cement paste (A), freely diffusing water (Γ 1 ), and constrained-water (Γ 2 )] in the cement paste to be tracked over the course of hydration as function of time.
A sample fit using three-component model of QENS data at Q = 0.49 Å − 1 was obtained on IP-50 via DCS after 3 h of hydration is shown in Fig. 1 . The data was averaged over each hour. The blue dotted line represents the elastic contribution while the solid black line represents the total fit and the dashed lines represent the Lorentzian functions for modeling the data. We would like to clarify that even though two Lorentzian (free and pseudo-bound) are used to model the data and to calculate bound water index for the sake of discussion, in this manuscript we are primarily concerned with free water Lorentzian which relates to the diffusion motion of the water molecules.
Results and discussion
A plot of the QENS data for OPC with 0.55 water to cement ratio measured over 15 h (900 min) is shown in Fig. 2A . To obtain each value at every hour the data was summed over all Q values (0. ). During the early period of hydration, as soon as the water comes in contact with the cement mixture various hydration products start forming. As the hydration process continues, the water changes state from free to immobile due to the evolution of the cementitious matrix. The main feature in the data is the prominent increase in elastic intensity with time which is associated with the nucleation and growth stage where increasingly higher amount of hydrogen is bound in the interlayer C-S-H gel along with its secondary hydration products including ettringite and portlandite [22, 38] . The observed decrease in the broad Lorentzian intensity, and development of a narrow Lorentzian with time also indicates the conversion from free water to pseudo-bound hydrogen related to the development of small gel pores and finally leading to bound water with setting of the cement paste (see Fig. 2B ). It has been shown that final setting time from free to constrained water in the cement paste depends on the chemical composition of the binder/ admixture which forms various microstructural products, particle size of the products and the interaction forces developed at the solid/water interface [18, 22, 39] . Fig. 3 represents the scattering function S(Q, ω) for OPC plotted against scattering vector Q after 1 h of hydration. The broadening of the spectra increases strongly with increasing Q values. Qualitatively this suggests that the motions are diffusive and are originating from bulk-like water. The intensity of the elastic line generally decreases as a function of Q. The QENS diffusion/rotation intensity usually goes through a maximum and then decreases, like a shark fin. Also, at different Q values different diffusion motions occur and the widths are proportional to the Q 2 of the Lorentzians.
BWI for OPC and combinations of volcanic ash/OPC for the first 15 h of hydration is shown in Fig. 4 . To obtain BWI values the data was summed over all Q values (0. ). All specimens showed a steady rise in BWI up to about 300 min, which can be attributed to the standard kinetic profile for hydration of cementitious materials, though without an apparent induction period given the time resolution of this data. After about 300 min of hydration, OPC, FA-10 and IP-10 showed higher BWI compared to IP-50 and FA-50 showing clearly the effect of ash particle size and its concentration on the kinetics of the cement paste. It is interesting to see that after 600 min of completion of hydration, 50% substitution of volcanic ash compositions (IP-50 and FA-50) showed lower BWI by a factor of ≈2 as compared to OPC, FA-10 and IP-10 combinations. Normal understanding is that a finer particle size of the volcanic ash leads to the formation of more amounts of hydration products which in turn corresponds to a higher BWI, which is in agreement with previous studies [15, 18] . Clearly, the effect of concentration of volcanic ash substitution is playing a major role in controlling the BWI. However, the BWI is higher for IP-10 as compared to FA-10, while it is slightly lower in FA-50 than in IP-50. At 10% substitution the fine volcanic ash (FA = 14.48 μm) acts as pozzolanic filler, whereas when slightly larger sized particles (VA = 17.14 μm) are substituted for OPC the amount of alumina involvement is higher on the ash and may have contributed to greater BWI as compared to FA-10. Also, the chemically bound water inside the C-S-H is influenced by the variation in alumina, silica and calcium from the volcanic ash. At 50% substitution the volcanic ash acts as a partial substitute to OPC, and all of the volcanic ash does not get involved in the early stage of hydration thus leading to lower BWI. Additionally, different levels of grinding the volcanic ash lead to difference in the amorphous content, which in turn influences the BWI. Further studies using differential scanning calorimetry (DSC) for evaluating hydration rates along with small angle neutron scattering (SANS) are required to examine the structure of the resulting hydration products. The effect of BWI on C 3 S and Portland cements is well known [13, 15, [17] [18] [19] 40] , whereas the influence of supplementary cementitious materials (SCMs) on BWI is an ongoing area of research. SCMs such as fly ash, volcanic ash, GGBFS and silica fume are used as admixtures or partial substitutes for Portland cement, that lead to alterations in the chemical structure of the hydration products and impact the microstructure which in turn influences the BWI. The interaction of these hydration products during curing can lead to leaching of calcium in the C-S-H gel, while dissipating some remnants of unreacted volcanic ash thus increasing the free water content in the system. Effect of particle size on BWI can be clearly seen by comparing IP-10 and FA-10 (see Fig. 4 ). For the first 600 min both samples seem to show very similar BWI values. However, after 600 min of hydration, IP-10 shows an increase in BWI value up to 1, while FA-10 tends to reach a BWI value just below 0.8. Interestingly, BWI values of FA seem to be rather close to OPC even after 600 min. The drop in BWI for FA-10 when compared with IP-10 infers that grinding of volcanic ash retards the hydration; thus indicating the finer the ash, the slower the setting time during hydration. The difference in tapering in the diffusion limited zone is an indication of retardation of nucleation and growth and this tapering increases with the particle size. The differences between IP-50 and FA-50 were not as significant as compared to IP-10 and FA-10. As seen in previous studies the hydration kinetics depend on the effect of particle size and interpretation of the data can be challenging [7, 13, 14, 19] . The difference in BWI could be attributed to several factors such as volume of the material available for hydration, amount of surface area exposed to hydration, amount of hydration products present in amorphous form and possible decalcification of C-S-H. C-S-H decalcification is attributed to the presence of unreacted Mg from the ash along with its interaction with magnesium-silicatehydrate (M-S-H) phase, which is commonly observed in cements prepared with pozzolanic volcanic ash [3, 8, 41] . The steady decrease in BWI for IP-50 after 700 min is influenced by higher amounts of Mg that could impact the nucleation and growth process as seen in previous studies [13, 42, 43] . With the addition of volcanic ash from 10 to 50%, the MgO content is increased and studies show that MgO (also known as periclase) does not get immediately involved in the hydration process [38] . Addition of high MgO can retard the hydration process since the solubility Mg(OH) 2 is far less than Ca(OH) 2 and MgO hydrates in high alkali environment which precipitates to form miniature crystals of cement of M-S-H, which further retards the hydration process [44] . Also, MgO hydrates very slowly and the conversion of MgO to Mg(OH) 2 could create internal stresses causing expansion and degradation of the material [45] .
Furthermore, the domain of induction or dormant period along with the nucleation and growth of hydration products does not rely on the particle size distribution [18] . On the contrary, the diffusion limited rate of hydration and the amount of hydration products formed are dependent on the chemical concentration of the precursor such as the volcanic ash that was used in the current work. An increase in BWI with time is attributed to higher formation of chemically combined water which is influenced by the particle size of the volcanic ash along with the interaction between the phases (C-S-H/C-A-S-H and M-S-H) that are formed due to the addition of volcanic ash [3] . In addition, hydrated aluminate sulfate phase inter-bound with water which is commonly found in calcium sulfoaluminate cements can also lead to rapid increase in observed BWI with curing time [17, 38, 46] . As the time for hydration continues the difference in BWI increases sharply after 500 min between OPC, IP-10, FA-10 and IP-50, FA-50. It is interesting to note that higher ash compositions (i.e. FA-50 and IP-50) show considerably lower BWI values in comparison to pure OPC and the lower ash concentrations FA-10 and IP-10. Furthermore, addition of volcanic ash to Portland cement leads to multi-component phase formation with each phase reacting at different rates along with morphological differences in C-S-H [3, 47, 48] . Additional studies are further required using differential thermal calorimetry to understand the degree of reaction and to relate the degree of reaction to BWI. However, our results clearly show the effect of both particle size and volcanic ash replacement, with the concentration of volcanic ash being the greater contributor to BWI.
The HWHM of a broad Lorentzian can be fitted to a rapid jump diffusion model which is given by [30, 49, 50] ,
where D t = self-diffusion coefficient, ℏ = Planck constant, L = mean jump distance, and τ 0 = is the average residence time between the jumps of water molecules. The HWHM of the bulk water component versus Q 2 for IP-10, IP-50, FA-10, FA-50 and OPC after 15 h of hydration is shown in Fig. 5 . For the sake of clarity only fitted curves are shown. The larger energy window from DCS allows tracking of the diffusion of water to larger Q values, while HFBS allowed the tracking of broadening of water molecules at lower Q values during the hydration process. For  Fig. 5 , the Q 2 values up to 0.4 originate from fitting the HFBS data and the rest of the values are from DCS data. After 15 h of hydration, the HWHM is higher for IP-50 and FA-50, while it is smaller for IP-10 and FA-10 when compared to OPC. In addition, the observed increase in intensity of HWHM is associated with the presence of more free and mobile water in the pores and thus facilitating less bound and immobile water to be constrained in the hydration products. Using Fig. 5 and from Eq. (3) residence time and diffusion coefficients were extracted and are plotted at different times of curing. Our data shows that after 15 h of hydration IP-50 and FA-50 showed smaller residence times (FA-50 = 184 ps and IP-50 = 218 ps) in comparison to IP-10 and FA-10 (see Fig. 6 ). These results clearly show that in the case of IP-50 the water molecules reside in a position only for around 200 ps before they jump to nearby available site compared to OPC and IP-10 samples that are more restricted and reside about 3-to-4 times longer. ). B) 2D plot exhibiting broadening with hydration time. Fig. 3 . QENS spectra indicating broadening with increase in Q values for OPC after 1 h of hydration. For reference, the FA-10 and IP-10 data showed residence times of 572 ps and 728 ps, respectively after 15 h of hydration. In combination with lower BWI values for IP-50 and FA-50, this data suggests that higher amounts of free water are present in IP-50 and FA-50 indicating that 50% volcanic ash can lead to delayed setting and less amount of chemically bound water as compared to the cements prepared with 10% volcanic ash content. These results also suggest that there is an optimum limit for substitution of Portland cement with volcanic ash and amount of volcanic ash content has a greater effect than particle size of the ash suggesting that various multi-microstructural phase compositions are formed by varying the volcanic ash composition in the mix. Effective usage of volcanic ash will rely on the pozzolanic reaction of the ash with the calcium hydroxide inside the pore solution.
Self-diffusion coefficients and mean jump distance (L) were also extracted from the hourly data as shown in Figs. 7 and 8, respectively. As the hydration time increased a decrease in self-diffusion coefficient was detected for all the samples. It is interesting to note that diffusion of water slows down by almost an order irrespective of ash size or concentration within 15 h of measurements. Changes in diffusion coefficients are commonly observed during hydration of cement paste and have been related to the evolution of multi-components in cementitious gels (C-S-H, C-A-S-H), which possess different morphological features that are attributed to different relaxation times observed via NMR studies [51] .
The effect of concentration can clearly be seen after the first 1 h of hydration, IP-10 showing the lowest value of diffusion coefficient (1.32 × 10 − 9 m 2 /s), while IP-50 exhibited the highest value (4.65 × 10 − 9 m 2 /s). After 15 h of hydration, diffusion coefficients of IP-50 and IP-10 were higher by a factor of 1.8 and 1.3 compared to FA-50 and FA-10, respectively. Furthermore, we also see the effect of particle size by comparing IP-50 and FA-50 after 10 h than for lower replaced combination (IP-10 and FA-10) and interestingly we found that larger effect for particle size is observed between 4 and 6 h of hydration. On the other hand, after 7 h of hydration no significant difference was observed among IP-10, FA-10 and OPC combinations. This suggests that the finer the particle size of ash, it facilitates greater incorporation of volcanic ash to achieve more tortuous matrix with lower diffusion coefficients. Also, higher tortuosity leads to OH − units and interlayer water inside the C-S-H gel along with the formation of gel pores that facilitates the formation of bound water leading to slower diffusion coefficients. Prior studies show that finer particle size leads to an increase in hydration rate forming C-S-H product volume that results from nucleation and growth processes [18, 52] . Furthermore, this work also indicates that the concentration of volcanic ash substitution has significant effect compared to the particle size of the ash; therefore concentration should be a major parameter when designing cement pastes prepared with pozzolanic volcanic ash. The mean jump distance, L for OPC, OPC-IP and OPC-FA cement paste combinations is shown in Fig. 8 . During the first 4 h, all specimens showed relatively larger mean jump distances that suggest a local tetrahedral arrangement of the water molecule. It is also observed that finer ash/Portland cement combinations produced lower L values with the increase in the age of curing. This indicates that for finer ash/Portland cement combinations (FA-10 and IP-10) the mobile water becomes somewhat more restricted due to its presence in the smaller gel pores. Furthermore, for the first 7 h faster decrease in jump length was observed with time in IP-50 and FA-50 samples as compared to OPC, IP-10 and FA-10, suggesting that all the volcanic ash was not involved in the hydration reaction retaining bulk water like properties. This also indicates that higher volcanic ash content, less OPC to participate in the reaction therefore greater the capacity to retain the water. Additionally, the unreacted volcanic ash in IP and FA-50 can occupy mobile water during hydration and the mobile water becomes trapped inside the unreacted volcanic ash. On the contrary, IP-10, FA-10 and OPC showed similar decrease in jump length with time throughout the hydration process facilitating higher homogenized hydration. This results show that lower volcanic ash substitution to Portland cement has greater impact on hydration than the particle size. Thus, the optimum limit for substitution of volcanic ash to Portland cement should be based on volcanic ash composition and not particle size. Additional studies containing more volcanic ash/Portland cement combinations between 10 and 50% are required to estimate an optimum limit for developing homogenized and durable cementitious matrix.
Conclusion
QENS was used to monitor the early age hydration of Portland cements with volcanic ash. In this work, volcanic ash consisting of two different particle sizes with mean diameters of 14 μm and 17 μm was used to prepare cement paste containing Portland cements and volcanic ash. The translational dynamics of water contained in OPC pastes with and without volcanic ash for a setting time of 15 h was studied and the influence of particle size of the volcanic ash on hydration was examined. The parameters extracted from QENS data were BWI, self-diffusion coefficients, and mean jump distance with varying times of hydration. Finer particle size and lower concentration of substitution of OPC with volcanic ash produced higher BWI value, self-diffusion coefficients and mean jump distances indicating higher amounts of bound immobile water component during the hydration process. Increase in concentration of the volcanic ash affected the hydration by allowing more free and mobile water in the gel pores suggesting that volcanic ash may not have completely been involved in the hydration process. Thus, this work shows that volcanic ash substitution has greater effect than particle size and governs the early age of the hydration process indicating an optimum limit for substituting Portland cements with volcanic ash.
Nomenclature ℏ
Planck constant, τ 0 average residence time between the jumps of water molecules. A scattered elastic intensity associated the chemically bound (CB) hydrogen B 1 number density of free hydrogen atoms as in the bulk water B 2 number density of hydrogen atoms in pseudo-bound or constrained form of water BWI bound water index C 0 fixed baseline intensity C 3 S tricalcium silicate C-A-S-H calcium-alumino-silicate-hydrate C- 
